The binding of nitric oxide to hemoglobin components of trout (Salmo irideus), i.e., Hb trout I and Hb trout lV, has been studied by optical and electron paramagnetic resonance spectroscopy. Kinetic studies show that the Root effect in Hb trout IV is operative also for NO, since a large increase in the dissociation velocity constant (U4) is observed as the pH is decreased below 7.
Moreover, the time course of the displacement of NO by CO is heterogeneous, suggesting that a and f3 chains may have different j4 values. Low-temperature X-band electron paramagnetic resonance spectra have been recorded with Hb trout I and IV saturated with NO at different pH values. The spectra of Hb trout IV are strongly pH-dependent. The high-pH form (pH 8.1) shows axial symmetry and no resolved hyperfine splitting, while the low-pH form is rhombic with a hyperfine splitting of 6.5 G in the g, region.
The latter form reflects a more distorted site with a more significant delocalization of the unpaired electron on the proximal histidine; both features indicate a destabilization of the ligand binding at low pH. On the other hand, spectra of Hb trout I are axial at both pH values, with hyperfine splitting of 16.5 G, indicating that the site is not distorted and interacts with the ligand very strongly at either pH.
It is well established that the reaction of nitric oxide (NO) with mammalian hemoglobins yields a derivative (HbNO) which resembles, in its general properties, oxy and carbonmonoxide hemoglobin (HbO2 and HbCO) (1) . Although the affinity for NO is almost 106 times higher than that for 02, binding of this ligand is characterized by the presence of both homotropic and heterotropic interaction effects, similar to the binding of other ligands by ferrous hemoglobins (2, 3) .
The NO derivative of hemoglobin, as well as of other hemeproteins, displays an electron paramagnetic resonance (EPR) spectrum due to the presence of an unpaired electron associated with the NO nitrogen atom (4) (5) (6) (7) (8) . Recently, the structural properties of the NO derivatives of hemoglobin and the isolated hemoglobin chains have been elucidated through the work of several investigators (4) (5) (6) (7) . Among other things, it has been shown that the EPR spectrum of NO hemoglobin is the sum of the spectra of the two component chains, a and ,B, which have different spectral features. Thus, there are good indications that the paramagnetic signal arising from the bound NO can be used to monitor the structural properties of the complex and to study the interactions of the NO nitrogen atom with the heme iron and with the N atom of the proximal histidine.
This note reports experiments on the NO-binding properties and the EPR spectra of two of the isolated hemoglobin comAbbreviation: EPR, electron paramagnetic resonance.
ponents from trout (Salmo irideu8), i.e., Hb trout I and Hb trout IV. As reported previously (9-11), Hb trout I is characterized by cooperative ligand binding (n is about 2.6 for 02), and by an independence of the shape and position of the 02 binding curve of solvent composition, and in particular of pH. On the other hand, Hb trout IV is characterized by a dramatic change of both the shape and position of the ligand binding curve with pH. Thus, as the pH is decreased from about 8 to about 6, the value of n in the Hill equation (which is an empirical measure of cooperativity) drops from about 2.5 to one or less. Among the various hemoglobin components from trout blood, this is the only one which displays the Root effect, a functional property characteristic of fish hemoglobins (12) .
The study of NO binding by these two components, and of their EPR spectra at different saturations and pH values, has been used in the present work to gain insight on the molecular mechanism of the Root effect.
MATERIALS AND METHODS
Preparation of hemoglobin from trout and separation of the components was achieved as previously reported (9) .
The totally or partially liganded NO derivatives were obtained by mixing anaerobically a known amount of hemoglobin with a known volume of water equilibrated with pure NO gas (concentration in solution, 2 mM at 20°). All the solutions were carefully degassed, and to ensure complete removal of 02, a small amount of dithionite (about 0.1%) was added to the buffered hemoglobin solution.
Addition of different aliquots of NO was made at two pH values, i.e., 7.2 and 9.0. After [1] [2] [3] Hb trout IV is characterized by a large drop in affinity for both 02 and CO as the pH is decreased below about 7.5 (9, 10). To gain evidence that in Hb trout IV the Root effect is operative also in the case of NO, a series of kinetic experiments was undertaken to determine the pH dependence of the dissociation velocity constant for NO, using CO as a replacing ligand. For all the experiments reported below, the molar ratio of the two ligands (CO/NO) was sufficiently high to result in a complete replacement, according to:
HbNO + CO -HbCO + NO.
The method provides a measure of the dissociation velocity constant from a molecule which is completely liganded at all times, and, therefore, yields a rate constant which corresponds to the last step in the Adair scheme (i.e., jo in the case of the reaction of NO with tetrameric hemoglobin) (1, 2, 13) . Fig. 1 depicts the dependence of log j4 on pH and shows that as the pH is decreased from 7.4 to 6.3 the value of the dissociation velocity constant increases about 50-fold. Thus the halftime for dissociation, which is about 30 min at pH 7.2, becomes less than 1 min at pH 6.3. This dramatic increase in the off constant with decrease in pH resembles that reported for 02 and CO in the case of Hb trout IV (10, 14) and Hb from carp (15) , both of which are characterized by the Root effect. Therefore, the experiments reported in Fig. 1 Fig. 1 correspond, at each pH, to the value of the initial dissociation velocity constant. Fig. 2 reports the low-temperature (-160°) EPR spectra of Hb trout IV saturated with NO at three pH values, i.e., 8.1, 7.0, and 6.3. It will be seen that the shape of the spectrum is strongly pH-dependent. The spectra of the solutions at higher and lower pH values (8.1 and 6.3) are characterized by the following properties. The high-pH form shows axial symmetry and no resolved hyperfine structure; it resembles the spectrum of the NO derivative of the y chains of human Hb (6) . The low-pH form has rhombic character and a more resolved hyperfine structure, with a splitting of 6.5 G in the gz region; this form resembles the a-NO chains of human Hb (6) . These are the dominant features of the spectra, although it cannot be excluded that each of the species contains a certain (minor) proportion of the other component.
On the basis of previous work on the NO derivatives of various hemeproteins (4) (5) (6) (7) (8) , an interpretation of the significance of the spectra may be given. In particular, the form observed at pH 6.3, in view of its rhombic symmetry, reflects a more distorted site than that at pH 8.1. Moreover, the presence of a hyperfine structure, which can be attributed to the interaction with the N of the proximal histidino (5) These findings are in substantial agreement with expectations based on the evidence that the Root effect is operative in Hb trout IV also for NO (see above). Thus the spectra of the NO derivative of Hb trout I are essentially pH-independent, and show that, if anything, the stability of the NO complex may be increased going from high to low pH. On the other hand, at low pH the NO derivative of Hb trout displays a very different EPR spectrum, which indicates that the "site" is in some way strained.
Delocalization of the electron density on the N of the proximal histidine may be indicative of a situation in which the complex of the NO molecule with the protein site is destabilized. It may be tempting to speculate that in the case of Hb trout IV the EPR signal observed at low pH with the NO derivative reflects a molecule which, albeit still liganded, is in a conformational state characteristic of a "low-affinity" form. In any case, it can be concluded that the ligand-bound form of Hb trout IV undergoes a pH-dependent structural change, clearly indicated by the EPR spectra, and that this structural change occurs in a time scale of less than a few seconds, possibly of fractions of seconds.
